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Surge Voltage Breakdown of Air in a 
Nonuniform Field 

J. H. Park and H. N. Cones 

The discharge and breakdown phenomena in air when a surge voltage is applied to 
sphere-plane electrodes were investigated. A steeply rising surge of 145 kilovolts peak 
value was applied to the plane placed 86 centimeters above the laboratory floor. A 1.6- 
centimeter diameter sphere, mounted an adjustable distance below the plane, was connected 
to ground through the surge impedance of a coaxial cable. Experimental data consisted 
of oscillograms of the current to the sphere and pictures of the discharge between the elec- 
trodes. A method for chopping the applied voltage surge at an accurately controllable 
time was used to study the discharge at gap spacings for which a full-wave applied surge 
would cause breakdown. 

Complete breakdown did not occur for gap spacings greater than 28 centimeters, 
sphere positive, or 20 centimeters, sphere negative. But at gap spacings up to 56 centi- 
meters, sphere positive, and 46 centimeters, sphere negative, discharge streamers (corona) 
did develop from the sphere and they were accompanied by short pulses of current to the 
sphere. At gap spacings near those giving breakdown, these initial streamers span the gap 
without yielding breakdown. Measured speeds of formation of these initial streamers 
were found to be 500 centimeters per microsecond for the sphere negative and 800 centi- 
meters per microsecond for the sphere positive. 

For shorter gap spacings the discharge leading to breadown is illustrated by the data 
obtained with the applied voltage chopped. Bright conducting channels develop between 
the sphere and plane. At the same time the current to the sphere starts to rise again 
fairly slowly at first and then at an increasing rate up to breakdown. The mechanism 
leading to breakdown is not the same for the sphere negative as for the sphere positive, and 
it is different for very short gaps which correspond to high overvoltage. An attempt is 
made to explain how the initial streamers form and how the channels leading to breakdown 
develop. 



1. Introduction 

Electrical breakdown in air has been extensively 
studied by a large number of investigators and the 
many papers and books already published on this 
subject have contributed greatly toward an under- 
standing of the mechanism of breakdown. The 
parameters most likely to affect breakdown mecha- 
nism are (1) gas pressure, (2) size, shape, and sepa- 
ration of electrodes, and (3) waveform of the applied 
voltage. No single simple theory can be expected 
to explain breakdown of a gas under all possible 
experimental conditions. The original Townsend 
theory with some modifications [1,2] 1 is well estab- 
lished as giving the breakdown mechanism of gases 
at pressures much below atmospheric, and in some 
recent theoretical analyses [3,4] the Townsend theory 
is extended to include breakdown at amospheric 
pressures. However, the streamer theory of Loeb 
and Meek [5] or some modification of it appears 
most likely to account for the short formative time 
lags experienced in uniform field breakdown at at- 
mospheric pressure. Breakdown studies at high 
frequencies appear to require an entirely different 
theory to adequately explain the results, and a theory 
that seems adequate has been proposed [6,7,8]. 

The theories referred to above are based mainly 
on uniform field breakdown, largely because this has 
seemed the simpler case. For the same reason, most 
of the experimental data already published have 
been for gaps giving a uniform or nearly uniform 
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field. At the higher voltages almost all of these 
data have been obtained with sphere gaps because 
such gaps are used as primary reference standards 
in the field of high voltage measurements. For the 
design of high voltage electrical equipment and in 
the development of methods for measuring steeply 
rising voltage surges, a knowledge of just how 
breakdown occurs when a voltage is suddenly ap- 
plied to electrodes producing a nonuniform field is 
of primary importance. Results obtained by Norin- 
der and others [9,10,11,12,13] indicate that the 
mechanism of breakdown for nonuniform field gaps 
is quite different from that for uniform field gaps. 
The work described in this paper was undertaken in 
order to gain a better understanding of the mecha- 
nism of breakdown for nonuniform fields. 

2. Scope of the Experimental Work 

The present work is limited to discharge phe- 
nomena and breakdown in air, under the usual labora- 
tory conditions of pressure and humidity, when volt- 
age is suddenly applied and the electrode geometry 
is such that a nonuniform electric field is produced 
in the gap. The laboratory floor which has a 
grounded metal grid imbedded in its surface was used 
as a semi-infinite ground plane. The upper or high- 
voltage electrode consisted of a large circular plane, 
84 cm (33 in.) in diameter, made of an aluminum 
alloy, placed 86.4 cm (34 in.) above and parallel to 
the ground plane. The ground electrode was a 
1.6-cm 08-in.) diameter sphere mounted at the end 
of a conductor centered inside a 0.635-cm (%-in.) 
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diameter metal tube and insulated from it. The 
sphere was located at an adjustable distance L 
beneath the center of the high-voltage plane elec- 
trode as indicated schematically in figure 1 . A metal- 
covered trench in the floor permitted the sphere 
mounting tube to extend into the trench through a 
hole in the cover. The tube was grounded at the 
metal trench cover, and in the trench below its cover, 
the tube and its center conductor were connected to a 
coaxial cable. This cable ran in the trench to a 
cathode ray oscillograph (CRO) where it was termi- 
nated by its characteristic impedance of 50 ohms. 
Thus the sphere was "in effect" connected directly 
to ground through a 50-ohm resistance and any 
current from the sphere to the high-voltage plane 
electrode could be measured by the IR drop it pro- 
duced at the oscillograph. In addition to permitting 
an accurate measurement of prebreakdown current 
between the sphere and the plane when voltage is 
suddenly applied to the plane, this electrode arrange- 
ment 2 also makes it possible to compute the initial 
electric field at various distances from the sphere 
toward the plane (see the appendix for a summary of 
such computations). The voltage gradient is of 
course maximum at the surface of the sphere, allow- 
ing significant polarity effects to be studied. 

The main purpose of the present investigation was 
to obtain data indicating the mechanism of break- 
down. A study of discharge phenomena could be 
approached in two ways: (1) by holding the peak 
voltage of the applied surge constant and changing 
the gap spacing or (2) by holding the gap spacing 
constant and changing the peak voltage. Since it is 
experimentally quite troublesome to maintain the 
same rise time for various values of peak voltage, 
method (1) above was used. Voltage surges of fairly 
short duration and of the following wave shapes were 
applied to the gap: (1) a surge that rose to a peak 
value of 145 kv in about 0.07 /xsec (as rapidly as 
possible with the setup used) and maintained this 
peak value fairly constant, gradually decreasing to 
half value in about 100 Msec (designated as 0.07 X 100, 
145-kv surge) ; (2) a surge similar to (1) except that 
it rose to peak value in about 1 /xsec (designated as 
IX 100, 145-kv surge); (3) surges similar to either 
(1) or (2) except that the voltage was chopped off at 
various times after reaching peak value (designated 
as 0.07 X^c, 145-kv or 1XU, 145-kv surge). 

The sphere-plane electrode system was enclosed 
in a light-tight fiberboard box 3% by 3 by 10 ft 
(106X91X305 cm). A 35-mm camera with an f/1.9 
coated lens was placed inside this enclosure at a dis- 
tance of 30 in. (76 cm) from the gap for taking 
photographic records of the discharge between elec- 
trodes. This box also provided shielding for the 
test gap against any extraneous radiation. The 
effect of an increased ion and electron density at the 
gap before applying voltage was determined by 
placing a radioactive source near the sphere elec- 
trode. 



2 The idea of putting high voltage on the plane electrode and grounding the 
smaller electrode through a resistance so that current could be measured was also 
used by Saxe and Meek [13] in their recent work on this subject. The present 
paper was completed but not published at the time the Saxe and Meek paper was 
published. 
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Figure 1. Schematic diagram of sphere-plane electrodes 
showing the voltage supply and measuring circuits 
At the two points marked "CV," one positive and the other negative, 100-kv 
charging voltages were introduced. C 8 = ^ /if, 100-kv capacitor. R o =3,000 
ohms. Ri=2,500ohms. R 8 = 165ohrns. C p =0.003/if capacitor. R3 = 500ohms. 
R2 =40,000 ohms. Ci =0.002 /if capacitor. Rhs and Rls form voltage divider. 

3. Experimental Setup and Procedure 

The arrangement of the sphere-plane electrodes is 
shown schematically in figure 1. The divider for 
measuring the voltage applied to the plane is also 
shown. The high voltage part of this divider con- 
sists of a 1,000-ohm noninductive wire wound 
resistor, R H s, placed vertically to the floor at about 
2 ft from the edge of the plane electrode. The 
divider low side, R LS , is a specially constructed 5-ohm 
noninductive resistor, arranged to produce minimum 
inductive effects from ground currents when it is 
connected to the coaxial cable to the CRO. A high- 
voltage cold-cathode oscillograph with beam in- 
tensification [14] was used to record the voltage 
waveform and to measure peak values. By connecting 
the CRO cable at (2) in figure 1 the same oscillograph 
was used to obtain a record of prebreakdown current. 
This arrangement of electrodes and measuring 
circuits was used throughout our experiments. 

The circuit used for producing the surge voltage 
and for applying it to the plane-sphere gap is shown 
in figure 1 at the left. Capacitors, C s , are 2 units 
from a 20-unit 2,000-kv surge voltage generator. 
They are each charged to 100 kv by the full-wave 
kenotron rectifier of the surge voltage generator, one 
positive and the other negative with respect to 
ground. By applying a tripping pulse to the middle 
ball of the three-ball gap, the two capacitors, C s , 
are connected in series to the discharge circuit. To 
obtain a full-wave voltage surge at the test gap, 
chopping gap (1) is set wide and (2) is shorted. 
Thus the two capacitors, C s in series, start discharg- 
ing through Ri in parallel with R s and C p in series. 
If gap D is shorted, the slowly rising voltage surge 
(1X100, 145-kv surge) is applied to the plane- 
sphere gap. To obtain the fast-rising surge (0.07 X 
100, 145-kv surge), gap D is set at 5-cm spacing. 
This keeps the voltage off the plane-sphere gap 
during its slowly rising portion. The oscillograph 
records reproduced in figures 2 and 3 show the wave- 
form of the steeply and slowly rising voltage surges, 
respectively. Details of the wave front are shown 
by the records obtained using a fast sweep. 
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Figure 2. Oscillograms of 0.07X100, U+o-kv voltage surge. 

A, Slow sweep showing wave tail; B, fast sweep showing wave front. 



The chopping gaps (1) and (2) together with Ri, 
R 2 , R3, and d are used to chop the voltage applied 
to the plane electrode at a definite time after it is 
applied. This chopping circuit is similar to one 
described by G. H. Johnson [15]. As noted from 
the values of circuit constants given in figure 1, the 
time constant R s C p is about 0.5 /xsec and the time 
constant (Ri + R 3 )d is about 5 /zsec. Thus gap D 
fires very soon after the supply circuit is triggered 
and this puts voltage on the plane electrode. At 
the same time the voltage across chopping gap (2) 
begins to rise, and by adjusting gap (2) it can be 
set to fire from 1 to 6 /xsec after voltage is applied to 
the plane electrode. Before chopping gap (2) fires, 
the two balls of chopping gap (1) have voltages of the 
same polarity applied to them; thus gap (1) will not 
fire. But when gap (2) fires, the full voltage applied 
to the plane will appear across gap (1) and it will 
fire, thus chopping the supply voltage. 

The procedure consisted, in general, of choosing 
a particular wave shape and polarity and then 
obtaining (1) CRO records of the sphere current 
and (2) photographs of the discharge between sphere 
and plane, for various values of gap spacing L. At 
values of L for which the full voltage wave would 
cause complete breakdown between the sphere and 
plane, a series of pictures and CRO records of cur- 
rent were also taken with the applied voltages 
chopped at various times before complete breakdown. 

Records of light output from the prebreakdown 
discharge were also obtained in some cases by using 
a photomultiplier tube and a high-speed oscilloscope 
with amplifier. The variations in light output 
followed the same pattern as the records of current 
to the sphere, but because this scheme is much more 
subject to extraneous pickup and calibration errors, 
the current records are considered to be more 
significant. 
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Figure 3. Oscillograms of iX 100, U+5-kv voltage surge. 

A, Slow sweep showing wave tail. B, Fasl sweep showing wave front. 

4. Experimental Results 
4.1. Full- Wave 145-kv Surge 

Sets of data were obtained under four different 
conditions of applied voltage: (1) steeply rising 
surge (.07X100), sphere positive, (2) slowiy rising 
surge (1X100), sphere positive, (3) steeply rising 
surge, sphere negative, and (4) slowly rising surge, 
sphere negative. For each condition of applied 
voltage, the test data included CRO records of the 
current to the sphere and corresponding photographs 
of the discharge, at various values of gap spacing L. 

Typical results are shown in figures 4, 5, 6, and 7. 
The first small wiggles on the current records are 
caused by capacitance current to the sphere when 
voltage is suddenly applied. They are useful as 
reference points to show the exact time at which 
voltage is applied. Following the capacitance cur- 
rent wiggles there is a sudden rise in current followed 
by an approximately exponential decrease to zero. 
This will be called the "first discharge pip" because 
it occurs only on shots causing a visible discharge 
from the sphere. It does not constitute a complete 
breakdown of the gap. The first discharge pip is 
definitely not associated with capacitance pickup 
because on some shots it occurs when the rate of 
change of applied voltage is nearly zero as shown, for 
example, in figure 5 A. 

For gap spacings less than 28 cm (sphere positive) 
or 15 cm (sphere negative), complete breakdown 
between sphere and plane takes place on at least 
some of the shots. Complete breakdown is indicated 
on the current record (see figures 4F, 5E, 6F, and 
7C) by a second and roughly exponential increase in 
current to large values. This current rise follows 
the first discharge pip and will be referred to as the 
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Figure 4. Oscillograms of prebreakdown current and discharge pictures taken on the same shots. 
Sphere positive, 0.07X100, 145-kv surge. Gap spacings L as noted. F is current oscillogram for complete breakdown of gap. G is oscillogram of applied voltage. 
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Figure 5. Oscillograms of prebreakdown current and discharge pictures taken on the same shots. 
Sphere positive, 1X100, 145-kv surge. Gap spacings L as noted. E is current oscillogram for complete breakdown of gap. F is oscillogram of applied voltage. 
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Figure 6. Oscillograms of prebreakdown current and discharge pictures taken on the same shots. 
Sphere negative, 0.07X100, 145-kv surge. Gap spacings L as noted. F is current oscillogram for complete breakdown of gap. G is oscillogram of applied voltage. 
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Figure 7. Oscillograms of prebreakdown current and discharge pictures taken on the same shots. 
Sphere negative, 1X100, 145-kv surge. Gap spacings L as noted. C is current oscillogram for complete breakdown of gap. I) is oscillogram of applied voltage. 



"second discharge rise." When the second dis- 
charge rise reaches a value of about 40 amp, a safety 
gap between the sphere and its grounded mounting 
tube flashes over, thus cutting off the voltage ap- 
plied to the CRO cable. The corresponding dis- 
charge photographs are not included because they 
show only a large dense streak on the film. Every 
time the second discharge rise starts, complete 
breakdown follows unless the voltage wave is 
chopped. Thus the discharge photographs shown 
in figures 4, 5, 6, and 7 are all associated with the 
first discharge pip only. It should be noted that 
although the "streamers" shown in these pictures 
completely bridge 3 the gap for spacings of 25 cm 
(sphere positive) and 15 cm (sphere negative) they 
do not constitute complete breakdown, because 
after the first discharge pip, the current becomes too 
low to be measured although the voltage remains 
high for a much longer time. 

' Complete bridging <>!' the gap was demonstrated by superposing a negative 
showing the discharge si reamers over a negative taken under the same conditions 
of gap spacing and camera positioning wiih lights on. Streamers that bridge the 
gap have a bright spot at their upper tip end as illustrated in figures 4E' and 6E'. 



A large amount of data similar to those illustrated 
in figures 4 to 7 was accumulated to determine the 
repeatability of results. The following quantities 
were tabulated: (1) time delay from start of voltage 
surge to first discharge pip, (2) peak current value of 
first discharge pip, (3) percentage of flashovers or 
breakdowns for a given gap spacing, and (4) time 
delay from first discharge pip to breakdown. All 
of these quantities were found to vary from shot to 
shot and/or to some extent from day to day, some 
more than others. The various factors that might 
affect repeatability of results will be considered. 

Once the circuit constants were properly adjusted, 
both the steeply and slowly rising voltage surges 
repeated very well in waveform from shot to shot 
and day to day. By careful control of charging 
voltage, peak values were repeated on successive 
shots (the measured variations being within 2 
percent). Air density and humidity could not be 
controlled but records were kept of pressure, tem- 
perature, and humidity. No attempt was made to 
determine or apply a correction for air density, but 
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for all data used, the relative air density was within 
2 percent of that for standard laboratory conditions 
of 760 mm of Hg pressure and 25° C temperature. 
The relative humidity varied from 20 to 75 percent 
during the period data were being accumulated. The 
nonrepeatability of experimental results could not 
be correlated with or accounted for by the small 
variations in peak magnitude of the applied voltage 
from shot to shot or by the small changes in relative 
air density from day to day. There was an indica- 
tion that changes in relative humidity affected some 
of the measured quantities. 

The surface condition of the spherical electrode 
and the kind of metal of which the sphere was made 
may have affected repeatability of results. Most 
of the data were obtained using a 1.6-cm diameter 
silver sphere, but data were also obtained using 
zinc, copper, brass, aluminum, and magnesium 
spheres of the same diameter. Originally all spheres 
were given a smooth polish and wiped with a dry 
chamois, but after even one flashover the surface 
became quite discolored and after a large number of 
flashovers the smooth surface was somewhat rough- 
ened. Experimental results did not appear to be 
affected by the condition of the surface of the sphere, 
but some of the measured quantities appeared to 
vary slightly with the kind of metal used for the 
sphere. 

Another factor that would be expected to affect 
repeatability of results is the particular distribution 
of ions and electrons in the air between the electrodes 
at the instant voltage is applied. This factor should 
be of special importance when measuring the time 
delay from application of voltage to first discharge 
pip. The conditions prevailing during the experi- 
mental observations were intended to approximate 
average laboratory conditions with each shot being 
unaffected by previous shots. However, as the gap 
was located inside a light-tight enclosure so that 
good pictures of the discharge could be taken, 
precautions were necessary to insure that the ion 
distribution was representative of that in free air. 

This enclosure had sliding doors at each end. 
It was found that on the first application of voltage 
after closing these doors, a discharge pip almost 
always appeared before peak voltage was reached. 
It was observed that on succeeding applications of 
voltage with the doors left closed, either no discharge 
pip occurred or it was delayed. This can be explained 
if, during the first application of voltage, a large 
percentage of the ions inside the enclosure are 
swept out of the air; because, with the doors closed, 
there is little chance for new ions to leak into the 
enclosure before the next application of voltage 30 
sec later. When the doors were opened between 
shots or when a weak gamma-ray source of ioniza- 
tion (Co 60 giving 0.05 millireontgen (mr) per hour 
at a distance of 1 m) was placed inside the enclosure 
a discharge pip was always obtained. In order to 
check the effect of sweeping ions out of the air inside 
the enclosure, for one series of tests a d-c source of 
7,000 v was applied to the upper plane except for 
the duration of the high-voltage pulse. This sweep 
voltage effectively prevented a discharge pip with 
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Figure 8. Oscillograms of first discharge current pip on fast 
sweep. 

A, sphere positive L=23 cm. B, sphere negative L = 15 cm. 



the doors closed and the weak ionizing source inside 
the enclosure. With the doors open the sweep 
voltage did not prevent the discharge pip, apparently 
because ions could diffuse into the space between the 
electrodes faster than they were removed. Most of 
the experimental results were obtained with the weak 
Co 60 source inside the enclosure, which it was thought 
would keep ion density inside about equal to that 
prevailing in the laboratory provided the 7,000 v 
was not applied. During some of the experiments 
stronger ionizing sources were used to study the effect 
of increasing the ion density in the gap. 

A summary of the various quantities that could be 
tabulated after analyzing the data from over 1,000 
shots will now be given. As a start, characteristics 
associated with the first discharge pip will be de- 
scribed. This discharge appears at gap spacings up 
to 56 cm (sphere positive) and 46 cm (sphere nega- 
tive), but at the large spacings there is no discharge 
pip on some of the shots and the time delay values 
as measured from the initial application of voltage 
are quite erratic (up to 20 jusec). At gap spacing 
less than 46 cm (sphere positive) and 30 cm (sphere 
negative) a discharge occurs for nearly every shot, 
and although the time delay is erratic on an occa- 
sional shot it is almost always quite small — less 
than 0.1 /xsec for the steeply rising surge and less 
than 1 jusec for the slowly rising surge. 

The wave shape of the first discharge pip is quite 
repeatable for the sphere positive and somewhat 
less repeatable for the sphere negative. Typical 
CRO records of this waveform taken on a fast sweep 
are shown in figure 8. In general, an average wave 
shape can be described which holds for both polar- 
ities of the sphere and for both steeply and slowly 
rising surges. It rises to peak value in about 0.008 
/xsec and decays approximately exponentially to half 
value in about 0.08 /isec. This pip-wave shape stays 
essentially the same for all values of gap spacing 
but its peak value increases as gap spacing is de- 
creased. 
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Figure 9. 



Curves of peak value of first current pip plotted 
against gap spacing. 

0.07X100, 145-kv surge. Plotted points we each the average of 10 to 100 shots 
and the vertical lines indicate the spread from minimum to maximum values. 
♦This point is low because on all 10 shots the relative humidity was 75 percent 
or higher. 

The curves in figure 9 are drawn through points of 
average value of peak current at various gap spac- 
ings for the steeply rising surge. Each plotted point 
is the average of 10 to 100 shots and the spread 
from the average is indicated by the vertical line 
through each point. For the sphere positive the 
points fall quite nicely on a smooth curve, but the 
spread in values for each point is fairly large — no 
effect was detected due to changes in relative 
humidity or the kind of metal used for the sphere. 
For the sphere negative the spread in values for 
each point is extremely large, making it difficult 
to draw definite conclusions; but with the relative 
humidity above 70 percent, better repeatability and 
lower values of average current were obtained. Also 
it was found that zinc or brass spheres gave some- 
what higher currents than silver, copper, or mag- 
nesium spheres. 

Results using the slowly rising surge are not 
plotted in figure 9. The actual values varied from 
1 to 8 amp and could not be correlated with gap 
spacing. The lower values obtained with slowly 
rising surges can be accounted for by the fact 
that the first discharge pip usually starts on the 
rising front of the surge, frequently at less than half 
peak value. An analysis of a large number of 
records obtained with slowly rising surges indicated 
that the peak current was approximately proportional 
to the actual value of voltage at the instant the 
discharge started. Even for the steeply rising 
surges it is possible that on some shots the discharge 
started on the rising front of the voltage, thus 
partially accounting for the spread in values obtained 
on successive shots. Examination of a large number 
of pictures of the discharge, such as those shown in 
figures 4, 5, 6, and 7, indicates a different pattern of 
tree-like streamers on each shot but in general the 




Figure 10. Curves of nu?nber of breakdowns expressed as a 
percentage of the total number of shots at each gap spacing 
plotted against gap spacing. 



length of these streamers increases in proportion to 
the peak discharge current. These prebrcakdown 
streamers completely bridge the gap for spacings at 
which breakdown is likely. 

For gap spacings less than 28 cm (sphere positive) 
or 20 cm (sphere negative), complete breakdown 
occurs for at least some shots and there is a time 
delay from the first discharge pip to breakdown as 
indicated in figures 4F, 5E, 6F, and 7C. A large 
number of shots at gap spacings giving breakdown 
were taken using silver, zinc, and copper spheres. 
The kind of metal used for the sphere and its surface 
condition may have had an effect ,but because of the 
statistical nature of the results this effect could not 
be definitely established and the data on silver, zinc, 
and copper spheres were all averaged together. 

The curves in figure 10 show the number of 
breakdowns as a percentage of the total number of 
shots at each gap spacing plotted against gap 
spacing. Each plotted point represents the results 
of at least 50 shots. For the sphere positive the 
increase in gap spacing in going from 100 to 
percent flash over is 30 percent for the steeply 
rising surge and 25 percent for the slowly rising 
surge. For the sphere negative this increase is 120 
percent for the steeply rising surge and 90 percent for 
the slowly rising surge. Also, for sphere positive 
the gap spacing giving 100 percent flashover is very 
nearly the same for both the steeply and slowly 
rising surges, but for sphere negative the gap spacing 
is 9.6 cm for the steeply rising surge and 8.1 cm for 
the slowly rising surge. Thus breakdown occurs 
over a wider range of gap setting for the sphere 
negative than for the sphere positive and a steeply 
rising surge increases this range for both polarities. 

A plot of time delay from start of first discharge 
pip to breakdown, against gap spacing is given in 
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Figure 11. Curves of time delay from start of first current pip 
to breakdown plotted against gap spacing. 

O.07X1O0, 145-kv surge. Plotted points are each the average of 10 to 30 shots 
and the vertical lines indicate the spread from minimum to maximum values. 



figure 11 for a steeply rising surge. Each of the 
plotted points through which the curves are drawn 
is the average of 10 to 30 shots and the vertical line 
through each point shows the spread from minimum 
to maximum time delay at that spacing. The time 
delay increases on the average with gap spacing but 
the variation from shot to shot at each gap spacing 
is quite large, especially with the sphere negative. 
Time delays for the slowly rising surge are not 
plotted, but the average values follow about the 
same curves as plotted in figure 11 and the variations 
from shot to shot at each gap spacing are about the 
same. 

The statistical nature of the experimental results 
might be caused by variations in the distribution of 
free electrons and ions in the gap from shot to shot. 
As already mentioned, a weak ionizing source was 
used while obtaining the above data in order to give 
an average ion density inside the gap enclosure that 
would correspond to average laboratory conditions 
outside of such an enclosure. However, the ion 
distribution still varied from instant to instant and 
it would be very difficult, if not impossible, to control 
the instantaneous distribution. 

The distribution can be greatly modified by using 
a strong artificial source of ionization. This was 
done in two ways: (1) by placing a strong gamma-ray 
source (Co 60 giving 50 mr/hr at 1 m) about 46 cm 
below the sphere with its beam aimed at the sphere, 
or (2) by placing a weaker source (Co 60 giving 0.5 
mr/hr at 1 m) inside the sphere and near its upper 
surface. 

Data similar to those described above were taken 
with either one or the other of these gamma-ray 
sources in place. The following results were noted: 
(1) the first discharge pip appeared on every shot, 
even at gap spacings up to 56 cm (sphere positive), 
and its time delay even at the long gap spacings was 
always less than 0.2 /zsec; (2) the value of peak 
current of the first discharge pip was much more 
repeatable from shot to shot, the gain in repeatability 
being very pronounced for a steeply rising surge and 
sphere negative; (3) the average value of peak current 



was less — down to about one-third its value without 
the strong source for sphere negative at gap spacing 
10 cm; (4) the gamma-ray source had little or no 
effect on the time lag of breakdown versus gap- 
spacing curves; (5) the only noticeable effect on the 
percent breakdown versus gap-spacing curves was 
that for the slowly rising surge and sphere negative 
no breakdown occurred at gap spacings greater than 
11.4 cm. 

From these results it is concluded that variations 
from shot to shot, (1) in the time delay to start of 
first discharge pip and (2) in the peak value of cur- 
rent of first discharge pip, arise from the random 
distributions of charges in the gap at the instant 
voltage is applied. Once the first discharge pip has 
occurred, however, the subsequent mechanism of 
breakdown is not affected to any great extent by 
this initial charge distribution. 

4.2. Chopped- Wave 145-kv Surge 

Further investigation of the discharge that occurs 
during the first discharge pip was carried out by 
chopping the voltage very quickly after the first 
discharge pip starts. A large number of oscillograms 
of the current showing the first discharge pip, and 
corresponding pictures of the discharge, were taken 
with chopping time from 0.005 to 0.02 /xsec after 
start of first discharge pip. Typical examples of 
these records are shown in figure 12 for sphere posi- 
tive and figure 13 for sphere negative. Some 
branches of the streamers propagate across the gap 
very quickly (in about 0.01 /xsec), and their appear- 
ance is very nearly the same as those obtained with- 
out chopping the voltage wave but at greater gap 
spacings. An approximate value for the velocity of 
propagation of these streamers was obtained by de- 
termining the actual length of the streamers from a 
discharge picture, and taking the time of formation 
from the corresponding current oscillogram as the 
time from start of discharge pip to time voltage was 
chopped. This was done for 10 sets of records for 
each polarity (similar to those shown in figs. 12 and 
13). The mean streamer propagation velocity was 
found to be 500 cm/ /xsec for sphere negative and 800 
cm/jitsec for sphere positive, the average deviations 
being 90 for sphere negative and 100 for sphere 
positive. 

The experimental results obtained using a full-wave 
surge voltage indicate that the discharge is initiated 
by a sudden burst of current, which is quickly re- 
duced to a low value and remains near zero unless 
complete breakdown is to occur. When and only 
when breakdown is to occur, the discharge current 
begins to increase again (the "second discharge rise"), 
rather slowly at first and then at an ever increasing 
rate up to breakdown. If breakdown is complete, a 
picture of the discharge is of little value because the 
film is greatly overexposed by the intense light from 
the high current arc. If, however, the voltage wave 
is chopped off at some time before complete break- 
down would have occurred, a photograph of the dis- 
charge should be indicative of much of the ionization 
phenomena taking place up to the time of chopping. 
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Figure 12. Oscillograms of first current pip (A, B, and C) and discharge pictures (A f , B', and C) on the same shots with voltage 

wave chopped quickly after start of first current pip. 
0.07Xt c , 145-kv surge, sphere positive. Gap spacing = 18 cid for A and B and 20 cm for C. 
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Figure 13. Oscillograms of first current pip (A, B, and C) and discharge pictures (A', B', and C r ) on the same shots with voltage 

wave chopped quickly after start of first current pip. 

0.07 Xtc. 145-surge, sphere negative. Gap spacing £ = 15 cm. 



Such records were obtained by using the chopping 
circuit described in section 3. Oscillograms of dis- 
charge current and pictures of the discharge on the 
corresponding shot were taken at various chopping 
times. For these tests, the gap spacing L was held 
constant at a value that would nearly always give 
complete breakdown for a full-wave applied surge. 
Results were obtained for both polarities of the 
sphere and for both steeply and slowly rising surges. 
Because sphere polarity had a marked effect, a 



description of results for each polarity will be given 
separately. 

The oscillograms of discharge currents (figs. 14A 
to 14F) and the corresponding pictures of the dis- 
charge (figs. 14A' to 14F') were obtained using 
0.07 X£ c , 145-kv surges with the sphere positive and a 
gap spacing of 20 cm. Each picture is, of course, of a 
separate shot, so that the streamer pattern should not 
be expected to repeat in exact detail from picture to 
picture. Rather, this series of pictures has been 
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Figure 14. Oscillograms of prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 

various times after the first current pip. 

0.07Xt c , 145-kv surge (see figure 4G), sphere positive. Gap spacing 20 cm— breakdown would be complete if voltage were not chopped. 
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Figure 15. Plot of channel length against time from first 
current pip to chopping. 

Q.07Xt c , 145-kv surge. Sphere positive. L=20 cm. 



chosen to show the discharge as nearly as possible as 
it would appear at successive intervals after the first 
current pip. The initial streamer patterns that form 
during the first discharge pip and before the second 
discharge rise starts (see figs. 14A and 14A') are very 
similar in appearance to those previously obtained 
when the voltage was not chopped and breakdown 
did not occur (see figs. 4E and 4E'). The appear- 
ance of the discharge begins to change after the 
second discharge rise starts. This change consists of 
one or more bright discharge channels starting at or 
near the sphere. As the discharge current increases, 
these brilliant channels appear to extend in a rather 
tortuous path toward the plane electrode. Each 
bright tufted channel appears to be fed by a multi- 
tude of very fine hair-like filaments. These hair-like 
filaments are continuously developed from the lead- 
ing fingers or branches of the growing channel and 
many appear to extend all the way to the plane 
electrode very early in the channel growth. 

Approximate values for the rate of channel growth 
were obtained by measuring (1) the channel length 
on a discharge picture and (2) the time from first 
discharge pip to the chopping of the voltage wave on 



the corresponding current oscillogram. This was 
done for 18 sets of records similar to those shown in 
figure 14. A plot was then made of channel length 
against time to chopping of the voltage wave, and a 
smooth curve drawn through the plotted points as 
shown in figure 15. The slope of this curve gives 
approximate values for the instantaneous rate of 
channel growth. The channel starts to grow at a 
fairly slow and uniform rate of 3 cm/^sec. After it 
has reached a length of 3 cm it grows at an increasing 
rate. At midgap (10 cm) its rate of growth is about 
20 cm/^sec. Beyond midgap it appears to grow 
much faster, and quickly reaches the plane electrode, 
causing complete breakdown. 

Current oscillograms and discharge pictures shown 
in figure 16 were obtained in the same manner as 
those in figure 14, except that the slowly rising surge 
voltage (1X^, 145-kv) was used. Breakdown 
occurs in essentially the same way, but the initial 
streamers that develop during the first current pip 
vary greatly in pattern and magnitude from shot to 
shot. As seen from figures 16A, 16B, and 16D, 
when the first discharge pip appears after the applied 
voltage has risen to a fairly large value, its magnitude 
is quite large and the initial streamers are fully de- 
veloped and similar to those in figure 14. As seen 
from figures 16C, 16E, and 16F, when the first dis- 
charge pip appears before the applied voltage has 
reached a high value its magnitude is much less and 
the initial streamers do not extend very far from the 
sphere. However, the growth of the channel which 
leads to breakdown does not appear to be greatly 
affected by the magnitude or pattern of the initial 
streamers. 

With the sphere negative, current oscillograms 
and discharge pictures for the voltage chopped at 
various times are shown in figures 17 and 18. The 
time delay from first discharge pip to breakdown 
varies more from shot to shot than with the sphere 
positive, and this increased the experimental diffi- 
culty in obtaining a set of illustrative records with 
the voltage chopped at various stages in the break- 
down process. However, fairly satisfactory sets of 
records were obtained by taking a large number of 
shots. The initial discharge streamers bridge the gap 
on all shots for a steeply rising voltage (fig. 17), and 
on some shots for the slower rising voltage (fig. 18). 
Breakdown begins with the second discharge rise, 
and the increase in this current is not as gradual as 
for sphere positive. At about the same time as the 
second discharge rise starts, the discharge pictures 
show positive channels (plasma) beginning from the 
plane. These were noted by Norinder [10, fig. 16, 
p. 510] and referred to as "plate stems." These 
plane or anode channels grow toward the sphere in 
much the same way that a channel starting from the 
sphere grows toward the plane with sphere positive. 
As the channel approaches the sphere, breakdown 
occurs very rapidly, when the channel either con- 
tacts the sphere or connects with a channel develop- 
ing from the sphere. 
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Figure 16. Oscillograms of prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 

various times after first current pip. 

IXte, 145 kv surge (sec figure 5F), sphere positive. Gap spacing 20 cm— breakdown would be complete if voltage were not chopped. 
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Figure 17. Oscillograms of prebreakdown current and discharge pictures taken on the same 

various times after first current pip. 
0.07X*c, 145-kv surge (see figure 6G), sphere negative. Gap spacing 11.5 cm— breakdown would be complete if voltage were not chopped. 



with applied voltage chopped at 
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Figure 18. Oscillograms of prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 

various times after first current pip. 

IXtc, 145-kv surge (sec figure 7D), sphere negative. Gap spacing 7.5 cm— breakdown would be complete if voltage wave were not chopped. 



5. Analysis of Experimental Results 

The reader may feel the need of referring to par- 
ticular discharge pictures and current oscillograms 
while going over this last section. Table 1 summa- 
rizes these records and gives the corresponding figure 
numbers. 

Table 1. Summary reference tabulation of discharge picture an 
current oscillogram figures 



Sphere polarity 



Positive. 
Do.__- 
Do._.. 
Do._.. 
Do.... 

Negative 
Do...- 
Do..._ 
Do._.. 
Do.__. 



Wave front 



usee 

0.07 
.07 
.07 

1.0 

1.0 
.07 
.07 
.07 

1.0 

1.0 



Wave tail 



100 Msec 

Chopped very quickly 
Chopped after 0.5 /xsec_ 

100/xsec 

Chopped after 1 /zsec 

100 jusec 

Chopped very quickly 
Chopped after 0.5 jusec. 

100/xsec 

Chopped after 1 ^isec. . 



Figure 

No. 



4 
12 
14 

5 
16 

6 
13 
17 

7 
18 



5.1. First Discharge Pip 

In order to explain the initial discharge streamers 
and the current pip associated with them, it is nec- 
essary to make some additions and modifications to 



theories already postulated. Because of their high 
velocity of formation and the fact that they follow 
the lines of force of the applied field, these streamers 
cannot be compared to the pilot streamer or stepped 
leader stroke observed in lightning. Because they 
can travel across the gap without leading to break- 
down they cannot be completely explained by Loeb 
and Meek's streamer theory [5], although this theory 
will be used here as the basis for their explanation. 
A brief summary of the proposed explanation will be 
given first, followed by details of various phases of 
the mechanism involved and correlation with the 
experimental data. 

The term "streamers" is used because of their 
appearance on the discharge pictures. Actually 
these photographic traces (which will still be called 
streamers) are produced by balls or regions of high 
space-charge density with high ionization and ex- 
citation activity at their leading surface, being pro- 
jected from the sphere toward the plane along lines 
of force of the applied field. If moving pictures at a 
speed of 10 10 frames per second could be taken, each 
frame would presumably show a small localized 
bright area somewhere between the sphere and the 
plane, while regions outside the ball would give very 
little light. The ball does not consist of a group of 
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electrons or ions moving outward from the sphere, 4 
but should be thought of as a traveling wave of high 
charge density which is propagated by a process in 
which new charges are continually produced at the 
leading surface of the ball by the high gradient there. 
In the path behind the ball there is left a high con- 
centration of both positive and negative ions, with 
an excess of positive ions in case the sphere is positive 
and an excess of negative ions in case the sphere is 
negative. The net space charge left by the moving 
ball is enough to markedly reduce the original high 
gradient near the sphere, and thus inhibit for a short 
time further ionization activity in the path behind 
the ball. The streamers do not form conducting 
paths from the sphere to the plane because after the 
ball has crossed the gap the residual gradients are so 
low that no more ions are produced. 

To explain the formation and propagation of the 
ball of high charge density, a process is suggested 
similar to that used by Loeb and Meek [5] in their 
streamer theory for uniform fields, which starts with 
the familiar electron avalanche. The chance of a 
free electron being correctly positioned with respect 
to the sphere to start an avalanche at the instant at 
which voltage is applied is quite small. But it has 
been demonstrated that the streamers do start at or 
very nearly at this instant for a gap out in the open 
under laboratory conditions, giving an average back- 
ground density of ions in the air between the elec- 
trodes. Hence a free electron for avalanche initia- 
tion is probably produced from a negative ion by the 
high voltage gradient (90 kv/cm or more) near the 
sphere when voltage is applied. With the sphere 
positive a ball of positive space charge is formed by an 
avalanche, and with the sphere negative a ball of 
negative space charge. The two cases will be 
considered separately. 

With the sphere positive, a negative ion situated 
in the high-field region near the sphere supplies a 
free electron, which starts ionizing neutral molecules 
and quickly forms an avalanche. As soon as this 
ionization process starts, it furnishes a plentiful 
supply of photons which liberate electrons in the 
nearby high field, where they, too, can readily start 
new avalanches. By means of this speedy relay of 
photons over the entire high-field region adjacent 
to the sphere, its upper half becomes rapidly "pep- 
pered" with avalanches. 

The electrons are drawn out of the avalanches 
into the sphere, leaving balls of high positive space- 
charge density near the surface of the sphere. These 
balls will, of course, vary in size and charge density, 
but at least some of them will be capable of initiating 
positive streamers. 5 The space-charge balls enhance 

* The experiments show that initial streamers travel the entire gap length in 
times of about 10~ 8 seconds (measured velocities of propagation being from 500 
to 1,000 cm//xsee). As the drift velocity of electrons in a region of high gradient 
(100 kv/cm) is only about 20 cm/jusec, and that of ions less than 0.2 cm//usec, the 
process of streamer formation cannot be explained by ions or electrons moving 
along its entire length. 

s The first current pip is caused not by one or a few initial streamers but by a 
large number. An estimate of the total number of streamers that bridge the gap 
on a given shot can be obtained by counting the bright spots at the plane end of 
the gap on the discharge picture and multiplying by three, the factor three enter- 
ing because of the depth of focus of the lens. (The lens has a focal length of 58 mm, 
and the maximum aperture of f/1.9 was used with the camera at a distance of 76 
cm from the gap, the depth of focus thus being 2.5 cm.) The number of streamers 
and their patterns vary greatly from shot to shot but in general for a given applied 
voltage the shorter the gap the more streamers. For the sphere positive, a gap 
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Figure 19. Potential distribution along a streamer from the 
sphere to the plane. 

Curve A— as computed neglecting space charge. Curve B— as estimated after 
space charge ball has reached plane. 

the field near them so that photo electrons liberated 
in the region just ahead of a ball form new avalanches 
which are attracted to the ball, leaving a volume of 
high net positive space charge just in front of the 
sphere. The flow of electrons through the ball and 
back toward the sphere tends to reduce the net 
positive space-charge density in the path left behind 
the ball. Thus the ball of high positive space-charge 
density, which also acts as a center of high ionization 
and excitation activity, remains small but moves 
rapidly away from the sphere, creating the positive 
streamer trace on the film. 

During this process the positive ions do not move 
appreciably, but remain essentially where they are 
produced, and the electrons move only short dis- 
tances toward the sphere. The high speed of forma- 
tion of the streamers is accounted for by the motion 
of the ball of high net positive space-charge density, 
which produces a momentary high voltage gradient 
at each point along the streamer path as it passes 
that point. 

In the path left by the ball there is a high density 
of both positive ions and electrons, with a slight 
excess of positive ions. This net positive space 
charge changes the potential distribution between 
the sphere and plane, as indicated in figure 19. 
Curve A is the potential computed from the applied 
voltage with space charge neglected. Curve B 
is an estimate of the potential after the ball has 
reached the plane. When the ball is at a given point 
P, the potential follows curve B from the sphere to 
point P and curve A from point P to the plane. The 
discontinuity at point P is due to the high positive 
charge density in the ball, and it produces the high 
momentary gradient necessary to project the ball. 
The gradient as estimated from curve B is not high 
enough to produce ionization or excitation except 
in the region very near the sphere. The bright stems 
near the sphere (see figs. 4E' and 14A') indicate 
ionization in this region, which probably persists 



spacing of 20 cm, and the steeply rising surge, the average number of streamers 
per shot was about 50. 
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until the additional space charge it produces de- 
creases the gradient further. Thus the path left by 
the rapidly moving ball will not become a highly 
conducting plasma until some other mechanism for 
increasing ion density becomes active. 

With the sphere negative 4 , the electron avalanches 
formed in the region near the sphere initiate positive 
streamers which quickly propagate the short distance 
to the sphere. As the streamers approach the sphere, 
the high positive space-charge densities at their tips 
make the already extremely high gradients near the 
sphere even higher, and, largely because of these 
exceedingly high gradients, electrons are immediately 
released from the sphere. 

The mechanism of electron release could be by any 
one or a combination of the following: (1) positive 
ion bombardment of the sphere, (2) high-energy 
photons impinging on the sphere, (3) field emission. 
In any event, more than sufficient electrons will be 
released to equalize the positive space-charge density, 
and a small volume or ball of high negative space 
charge will form uear the sphere in line with each 
streamer. This is likely because of the high gradient 
near the sphere due to the applied voltage. Each 
small ball of high negative space-charge density can 
propagate away from the sphere by a mechanism 
nearly the same as for propagation of a positive ball, 
that is, not only by electron motion but largely 
because of the continuing generation of new electrons 
ahead of this volume. Here again, the ionizing and 
excitation activity is largely confined to this small 
ball of high space-charge density, which propagates 
rapidly toward the plane. Thus with the sphere 
negative, negative streamers develop from the 
sphere in much the same manner as positive streamers 
with the sphere positive. The experimental results 
indicate this to be true, as may be seen by comparing 
figures 4A' to 4E' with figures 6A' to 6D' (gap 
spacings too long to yield breakdown), and figures 
12A' to 120' with figures 13A' to 13C (gap spacings 
giving breakdown but voltage chopped quickly after 
first discharge pip starts). The negative streamers 
leave numerous positive ions but a negative net space 
charge, which initially consists of electrons. The 
electrons, however, are quickly attached to oxygen 
molecules to form negative ions. Thus a potential 
distribution similar to that shown by curve B in 
figure 19 can persist for a short time and inhibit 
further ionization. 

With the sphere negative, however, the initiation 
of a streamer requires a shorter gap spacing for a 
given applied voltage, and the velocity of propaga- 
tion is less. To account for these experimental 
results, consider the development of an electron 
avalanche in the two cases: (1) sphere positive and 
(2) sphere negative. For the sphere positive, the 
electrons move in the direction of increasing gradient, 
because they travel toward the sphere or toward the 
ball of high positive space-charge density. For the 
sphere negative, the electrons move in the direction 
of decreasing gradient, because they travel away 
from the sphere or away from the ball of high 
negative space-charge density. Thus, the electron 
avalanches develop faster for the sphere positive, 



giving a higher velocity of streamer propagation. 
Also, the initiating avalanches can form positive 
streamers for lower applied gradients near the sphere 
with the sphere positive and thus produce streamer 
initiation for longer gap spacings. 

The question now arises as to how much space 
charge would be required to suppress ionization, 
and whether the first discharge pip furnishes this 
amount. By applying Laplace's equation to the 
case of concentric spheres it can be shown that for a 
charge density in the space between the spheres, 
proportional to the reciprocal of the distance from 
the center, the gradient will be constant at all points 
between the spheres. By assuming such a charge 
distribution, and taking (1) the diameter of the inner 
sphere to be 1.6 cm, (2) the diameter of the outer 
sphere to be 40 cm, and (3) the potential difference 
between the speres as 145 kv, the total space charge 
required to give a uniform gradient was computed 
and found to be 3.4X10 -6 coulombs. The average 
first discharge pip for a 145-kv surge (sphere positive) 
and gap spacing of 20 cm was found experimentally 
to have a peak current of 19 amp and a time to half 
value of 0.07 /xsec. Integrating this current pulse 
to obtain the total charge supplied by it, gives 1.9 
X10 -6 coulombs. This is about one-half the value 
computed for concentric spheres to give space charge 
yielding a uniform gradient. The factor one-half 
is about right to convert from the case of concentric 
spheres to sphere-plane electrodes. 

The above computation is only intended to indicate 
that the space charge is of the correct order of 
magnitude to materially reduce the longitudinal 
voltage gradient in the region near the sphere. The 
assumptions used, which led to a constant gradienl 
between sphere and plane, are not easily justified. 
It could be argued that the space charge per unit 
length of streamer (path left by the ball) would be 
constant. For concentric spheres this would give 
an average charge density proportional to the 
reciprocal of the square of the distance from the 
center. Computations based on such a charge dis- 
tribution yield a gradient near the sphere actually 
higher than that obtained neglecting space charge. 
No definite statement as to exact charge distribution 
in the streamers can be made at this time. However, 
it should be readily possible for this space charge to 
alter the potential distribution as proposed in 
figure 19. 

Another complication to be considered in such 
computations is that the space charge, just after 
formation of the streamers, would probably be mainly 
concentrated inside them. This would lead to a 
transverse gradient, i. e., perpendicular to the direc- 
tion of the streamers. A rough computation of this 
transverse gradient can be made. The total number 
of streamers has already been estimated to be 50 
(see footnote 5), and the streamer width as deter- 
mined from measurements on figure 14A' is 3 mm. 
By using these values and assuming the streamers 
to be cylinders with lengths equal to gap spacing, 
i=20 cm, the estimated total volume of all streamers 
is found to be 70.7 cm 3 , giving for 1.9 X10" 6 coulomb 
total charge, an average charge density inside the 
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streamers of 0.027 X10~ 6 coulomb/em 3 . The max- 
imum voltage gradient at the surface of a streamer 
due to this charge was approximately computed and 
found to be about 18 kv/cm, which is not sufficient 
to produce ionization. Thus, even when both longi- 
tudinal and transverse gradients are considered, the 
space charge introduced by the first discharge pip 
appears adequate to suppress further ionization. 

5.2. Second Discharge Rise and Breakdown 

For gap lengths sufficiently short or (in case voltage 
magnitude had been changed) for voltages suffi- 
ciently high, the first discharge pip is followed rather 
quickly by a second increase in current which, in 
general, rises at an increasing rate until breakdown 
occurs. As indicated in the experimental results, 
the mechanism of breakdown is different for the two 
sphere polarities. 

a. Sphere Positive 

With the sphere positive, a highly conducting chan- 
nel starts to form at the surface of the sphere and 
grows toward the plane in a tree-like pattern with 
one or more main arms, each with many fingers 
which are fed by a multitude of fine filaments. This 
plasma channel acts as a conducting arm reaching 
out from the sphere, and as it extends itself toward 
the plane there is an ever-increasing gradient between 
the ends of the fingers and the plane. Thus, once 
started, it leads to complete breakdown unless the 
voltage is chopped. 

The differences between streamers, which accom- 
pany the first discharge pip, and channels, which 
lead to breakdown, must be considered. They will 
be referred to merely as streamers and channels. 
Experimental evidence indicates the following differ- 
ences: (1) Streamers propagate at a very high and 
probably nearly constant velocity of from 500 to 
1,000 cm/^sec, while channels start to grow at a 
fairly low rate (3 cm/jusec) and their rate of growth 
increases as they span more of the gap, being about 
20 cm//xsec at midgap; (2) streamers do not consti- 
tute a highly conducting plasma, but channels do; 
(3) streamers seem to follow along the original geo- 
metric lines of force of the electric field, but channels 
grow in a random zigzag course; (4) channels create 
a much more intense photographic record than 
streamers, suggestive of a much higher temperature 
and ion density in their core. 

As already indicated, the streamers form quickly 
and leave behind a space-charge distribution which 
changes the original nonuniform field between sphere 
and plane to a more nearly uniform field. Thus 
immediately after the streamers have formed, the 
gradient at all points in the gap is below that required 
for ionization by collision, and if breakdown is to 
develop some other source of ionization must arise. 

Although the streamers form almost instantly, the 
channels take enough time to develop so that the 
energy fed into their leading tip produces gas tem- 
peratures sufficiently high to yield a copious supply 
of ions. As the channel is formed it serves as a 
good conductor from its origin at the sphere to its 



leading end. Thus there will be a high gradient at 
the tip end of the channel, and filaments similar in 
their mechanism of formation to the initial discharge 
pip streamers will form at the tip end and feed more 
energy into the channel, causing it to propagate. 
The direction of channel formation at any instant 
depends upon the adjacent electric field strength and 
direction at that instant. The field configuration at 
any instant is fixed largely by the particular space 
charge distribution at that instant. Because the 
space charge distribution depends upon all previous 
ionization activity in the gap, it has random local 
irregularities and varies from instant to instant. 
This accounts for the random zigzag course of the 
channels. 

After a channel has started it develops (as discussed 
above) until it bridges the gap, causing breakdown. 
Just how and why a channel starts is not self-evident. 
Because of the inhibiting space charge left by the 
streamers, it would appear that no further discharge 
could take place until this space charge had been at 
least partially cleared from the region near the sphere. 
This is, of course, true for longer gap spacings at 
which no breakdown occurs. As gap spacing is 
decreased a value is reached where breakdown occurs 
on some shots. In these cases the small bright stem 
of an initial streamer serves as the beginning of a 
bright channel. If the initial streamer pattern is 
such as to produce a sufficiently high gradient in a 
region near a bright stem, a channel will start to 
develop. Other streamer patterns may not produce 
a sufficiently high gradient. Thus the development 
of a channel is at least partly a matter of chance, the 
chances being greater for shorter gap spacings 
(assuming the same applied voltage surge). The 
fact that the channel does not continue to follow the 
same path as the streamer is readily accounted for 
by remembering that the gradient along the streamer 
(longitudinal gradient) tends to be uniform and fairly 
low because of space charge. Near the sphere the 
transverse gradient just outside a streamer should be 
much greater than the longitudinal gradient. Thus 
there should be more likelihood of a channel 
branching away from a streamer stem, as borne out 
by the experimental results. For the sphere positive 
(and provided not too great an overvoltage is 
applied), breakdown takes place along a zigzag 
channel that has completely spanned the gap (see 
figs. 20A and 21 A). 

b. Sphere Negative 

With the sphere negative, breakdown is not 
initiated by a zigzag channel starting from the 
sphere. This would indicate that conditions in the 
region near the sphere are not propitious for channel 
development. One of these conditions is that the 
transverse gradient adjacent to the streamers be 
very high. This would hold for positive streamers 
because positive ions would diffuse into this region 
quite slowly. It would not hold for negative 
streamers, because electrons could quickly diffuse 
into lateral regions, forming negative ions and 
thereby reducing the gradient. The fact that zigzag 
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Figure 20. Spark discharge pictures (filter on camera). 
0.07X100, 145-kv surge, sphere positive. A, L=20 cm; B, L = 10cm; C, L=5 cm. 

channels do not form from the sphere when it is 
negative helps to account for the observed result 
that, for the same voltage, a longer gap will break 
down when the sphere is positive than when it is 
negative. 

It will be remembered that the appearance of 
negative streamers is quite similar to that of positive 
streamers for gap spaeings longer than those at 
which breakdown may occur. The change in ap- 
pearance with further decrease in gap spacing, at 
the same applied surge voltage, is presumably due 
to the higher gradients existing at the lower spaeings. 
The most noteworthy change in appearance is the 
more intense photographic record, indicative of an 
increase in ionization activity. The increased 
brightness begins at the sphere and follows the 
streamers, going farther out into the gap the longer 
the voltage is left on (see figs. 17A', 17B', and 17C). 
This phenomenon requires a longer time to develop 
than the streamers, because when the voltage is 
chopped very quickly (see fig. 13) it does not occur. 
Thus it appears that the streamer itself develops 
into a straight channel as more energy is fed into it. 
Complete breakdown appears to occur in this way 
for a sufficiently short gap or sufficient overvoltage. 

Another change in appearance is the addition of 
auxiliary streamers starting out nearly perpendic- 
ularly from the initial streamers and then curving 
down toward the sphere. These are probably 
positive streamers, initiated because of the high 
transverse gradient in the region between the initial 
streamers at a considerable distance from the sphere. 

A third change in appearance is that the initial 
streamers acquire dots or small regions of greater 
ionization activity along their length. The spacing 
of these dots is random and some streamers show 
none. After the initial streamers have traversed the 
gap there is not sufficient voltage to maintain 
longitudinal ionizing gradients along the entire 
streamer. This is just barely true for the shorter 
gap spaeings used with sphere negative, and if the 
gradient is not exactly uniform along the streamers 
these dots could be regions of high gradient. These 
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Figure 21. Spark discharge pictures (filler on camera). 
1X100, 145-kv surge, sphere positive. A,/, = 15cm; B, L = 7.5cm; C, /,=3.8cm. 

changes in appearance of negative streamers at gap 
settings leading to breakdown indicate that, for very 
short gap spaeings or considerable overvoltage, 
breakdown would occur by a streamer developing 
into a channel as more energy is fed into it. 

However, at gap spaeings just short enough to 
give breakdown, there is another mechanism in- 
volved in breakdown. Plasma channels start from 
the plane and develop outward toward the sphere 
in random paths (see figs. 17D' and 17E') similar to 
the channels- which start from the sphere w T ith sphere 
positive. These plane channels are probably in- 
itiated by high gradients at the plane created by the 
negative space charge of the initial streamers. They 
would start as positive streamers and quickly de- 
velop into channels, which follow a path perpendic- 
ular to the plane part way across the gap and develop 
further in a zigzag path by t ho same mechanism 
that produces zigzag channels from the positive 
sphere. Breakdown is then completed by these 
zigzag channels proceeding all the way to the sphere 
or meeting a channel developing from the sphere 
along the path of an initial negative streamer. 

This explanation of breakdown with the sphere 
negative would predict that the mechanism of 
breakdown changes as gap spacing is reduced (or 
overvoltage increased). With very small over- 
voltage, breakdown would result from a zigzag 
channel developing from the plane. With high 
overvoltage, the breakdown channel would develop 
along the same path used by an initial streamer. 
This is shown to be true by the photographs of 
complete spark breakdowns for sphere negative 
(see figs. 22 and 23) taken with a dense filter at 
several different gap spaeings. Similar photographs 
taken with the sphere positive (see figs. 20 and 21) 
indicate that here also, if gap spacing is sufficiently 
reduced, breakdown occurs by an initial streamer 
developing into a channel. These results suggest 
that the mechanism of breakdown in a uniform 
field gap is first a rapidly forming initial streamer, 
which because of the high gradients available quickly 
changes into a channel. This would account for 
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Figure 22. Spark discharge pictures (filtei on camera). 

0.07X100, 145-kv surge, sphere negative. A, L = 10 cm; B, L=Q.5 cm; C, 
£=3.8 cm. 

the straight spark paths found for uniform field 
gaps [16]. 

5.3. Effect of Rate of Voltage Rise 

The foregoing explanation of discharge mechanism 
in a nonuniform field gap has been based largely on 
data obtained when voltage is suddenly applied to 
the gap — that is, with a voltage rise time of 0.07 
jusec. Data obtained using a rise time of 1 jusec 
were, in general, the same; but the magnitude of the 
first discharge pips and the size of the corresponding 
discharge patterns varied considerably from shot to 
shot. Because the first discharge pip and the 
ionization associated with it have such a short dur- 
ation, they can happen on the rising front of a slowly 
rising voltage wave. The value of voltage that 
determines their magnitude is variable from shot to 
shot and is usually less than the peak value. After 
the initial discharge is formed, further discharge 
phenomena are inhibited by the space charge it 
leaves behind. Thus, unless gap spacing is such 
that complete breakdown occurs, no further dis- 
charges take place after the first discharge pip 
even though the applied surge voltage continues to 
rise. The magnitude of the first discharge phenom- 
ena depends on the exact value of voltage at the 
instant of discharge initiation. Consequently, any 
scattering in "time to first discharge pip" results in 
a considerable variation in current magnitude and 
in corresponding photographic records. 

Experimental results showed that the later the 
first discharge pip occurred on the rising front of the 
voltage wave (that is, the higher the voltage at instant 
of occurrence), the larger the magnitude of first 
discharge pip and streamer length. The transition 
from initial discharge to breakdown is probably 
very nearly the same for a l-/zsec front voltage as 
for the faster voltage front, as may be seen for the 
sphere positive by comparing the records shown in 
figure 16 with those in figure 14. With the sphere 
negative the initial discharges do not appear to 
extend as far into the gap (see fig. 7), and there might 
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Figure 23. Spark discharge pictures (filter on camera). 
1X100, 145-kv surge, sphere negative. A, £=9 cm; B,*L = 6.5cm; C, L=3.8cm. 

be a question as to whether plate stems and channels 
can form. However, photographic records (fig. 18) 
using chopped voltages show that they do form, and 
breakdown occurs in much the same manner as for 
the steeply rising voltage. This can be accounted 
for when one realizes that the streamers may extend 
farther than the photographic records show. At 
the ends of these streamers a large supply of electrons 
is produced during the first discharge pip, and there 
is an interval of nearly 1 ^isec before initiation of 
the plate stems (as seen in fig. 18). During this 
interval, these electrons can drift toward the plane 
and, as a negative space charge, cause the high 
gradients necessary there to initiate positive stream- 
ers and channels. 

The experimental curves shown in figure 10 indi- 
cate another difference in breakdown characteristic 
depending upon the rate of voltage rise. These 
curves show that for a steeply rising surge, break- 
down is more apt to occur at the greater gap spacings 
than with a slowly rising surge. As already men- 
tioned, the particular pattern of the initial discharge 
streamers, which varies from shot to shot, determines 
whether or not breakdown will occur. In general, 
probably, the greater the magnitude (i. e., total 
coulombs) of the first discharge pip, the greater the 
chance for breakdown to follow. The first discharge 
pip is of higher magnitude on the average for a steeply 
rising surge, and thus breakdown is more likely to de- 
velop at greater gap spacings. 

6. Summary 

1. When a surge voltage of sufficient magnitude 
and duration is applied to a sphere-plane gap (non- 
uniform field) the prebreakdown discharge phenom- 
ena are divided into two phases : (a) the initial stream- 
ers which produce the first discharge pip and (b) the 
somewhat later development of a good conducting 
channel which causes a second rise in discharge cur- 
rent. This second current rise increases exponen- 
tially to breakdown unless the applied voltage is 
chopped. 
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2. The statistical nature of the experimental re- 
sults is demonstrated by summaries of the following 
measured quantities: (a) time delay from start of 
voltage surge to first discharge pip, (b) peak current 
value of first discharge pip, (c) percentage of complete 
breakdowns for a given gap spacing, and (d) time de- 
lay from first discharge pip to breakdown. Before 
voltage is applied the instantaneous ion pattern near 
the sphere is changing continuously, thus accounting 
for the variations in quantities (a) and (b) on succes- 
sive applications of the surge. The random nature 
of quantities (c) and (d) is accounted for by variations 
in the first discharge streamer magnitude and pat- 
tern on repeated surge applications. 

3. The initial streamers propagate from the sphere 
toward the plane along lines of force of the applied 
electric field at very high velocities, 500 cm/jusec for 
the sphere negative and 800 cm//zsec for the sphere 
positive. During the initial discharge the surge of 
current that flows to the sphere rises to a peak value 
of 1 to 30 amp (depending on gap spacing and sphere 
polarity) in about 0.008 jusec and then decreases 
approximately exponentially to zero, reaching half 
value in about 0.08 /xscc. For gap spacings at which 
breakdown is likely to occur, the initial streamers 
bridge the entire gap from sphere to plane without 
causing immediate breakdown. The formation of 
the initial streamers produces a space-charge distri- 
bution in the gap, which apparently inhibits further 
ionization unless conditions are such that breakdown 
can occur. 

4. If complete gap breakdown is to take place, a 
second rise in current signifies the development of a 
conducting channel between the electrodes. With 
the sphere positive this channel starts to form near 
the surface of the sphere and follows a zigzag path 
to the plane. With the sphere negative the conduct- 
ing channel starts out perpendicular to the plane, 
but after a short distance changes its course and 
makes a zigzag natli to the sphere. Breakdown is 

UPPER PLANE POTENTIALS 
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Figure 24. Schematic diagram of sphere-plane electrodes 
used to obtain experimental results. 

In Peek's formula, eq (1), d=d—a and y = d—a—x. 



completed when this highly conducting channel com- 
pletely spans the gap. 

5. For gap spacings much shorter than those first 
causing breakdown, i. e., for considerable overvoltage, 
the gap breakdown occurs by the development of one 
of the initial streamers into a conducting channel. 
The breakdown path is then not zigzag but more 
nearly straight and seemingly follows a "line of 
force" of the geometric field. It is suggested that 
this is the normal type of breakdown for uniform 
field gaps. 

7. Appendix. Computation of Voltage Gra- 
dient Between a Sphere and a Plane 

For an infinite plane and sphere isolated in space 
and maintained at a constant potential difference, 
the gradient along the perpendicular from the plane 
to the center of the sphere can be computed by a 
formula given by Peek [17]. In this formula: 

V= Potential difference between sphere and 
plane. 

a = radius of the sphere. 

8 = the distance from the plane to the surface 
of the sphere along the perpendicular 
from the plane to the center of the sphere. 

y=the distance from the plane to the point'at 
which gradient is to be determined along 
the perpendicular from the plane to the 
center of the sphere. 

p=l + 8/a 

/=i[(2 ? -l)+V(2p-l) 2 +8] 
Ey= gradient along the perpendicular from the 
plane to the center of the sphere at a 
distance y from the plane. E y is then 
given in volts per centimeter if dimensions 
are in centimeters and V is in volts by the 
equation 



E V =V 



25[8y+l)+f(J~.l)] 
' [5 2 C/+l)-2/ 2 C/-D] 2 ' 



(1) 



Results obtained using eq (1) would be correct if 
the plane were at ground potential, located on the 
floor, and the sphere at the high potential located 
above the plane, provided the effect of the? lead 
connecting the sphere to the high potential could be 
neglected. In the present experiments these condi- 
tions were not fulfilled and Peek's formula was not 
considered to be a sufficiently close approximation. 

Figure 24 shows the arrangement of (1) ground 
plane at potential zero, (2) high voltage plane at 
potential V, and (3) sphere at potential zero as 
used in the present experiments. By neglecting the 
effect of the tube supporting the sphere, a system of 
charges Q b Qi, Q", Q2, and Q2' can be chosen to 
make the potential very nearly zero at every point 
on the surface of the sphere. The magnitude and 
position of Q { is chosen so that it, together with 
the surface charges on the two planes, makes the 
potential zero everywhere on the surface of the sphere. 
Charges Q[ and Q" are image charges for Q x which 
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keep the potentials of the two planes at their proper 
values. Charges Q2 and Q2' are image charges inside 
the sphere of Qi and Q" to keep the sphere at zero 
potential. Further image charges were neglected. 
Using this system of charges and making some ap- 
proximations based on a being much smaller than d 
or D, the following formula for E x , the gradient at 
the distance x from the surface of the sphere along 
the perpendicular from the high voltage plane to the 
center of the sphere, was derived: 



E X =V 



1 . D-d 

D + ~ir l 



1 



1 



_(«-^+*) 2 



(2d-a-x) 2 



[2(D~d)+a+x] 2 



2d 



( a ~M +X ) 2 



^ D - d ^[ a +^)+ X l\) 



(2) 



In this equation the effect of the mounting tube for 
the sphere was neglected, which is probably justified 
if its diameter is small. To determine approximately 
how well this holds, a more complicated computation 
was carried out for the specific case of d=10a, 
D=4:0a, and radius of the mounting tube = a/4. 
Charges along the axis of the mounting tube were 
considered with their images in addition to the 
charges used in the derivation of eq (2). They were 
chosen to make the potential at the surface of the 
mounting tube nearly zero at all points. The 
results of this computation for the one specific case 
mentioned are compared with those obtained by eq 
(1) and (2) in the following table: 



• 

Gradient at surface of the sphere 
in volts per centimeter 


Mounting 
tube con- 
sidered 


Equation 


(2) 


CD 


0.8715XF 


0. 884 X V 


1.061XF 



The value obtained using eq (2) in which the mount- 
ing tube was neglected is nearly the same as that 
obtained when mounting tube was considered. 
Both values are somewhat lower than that obtained 
using eq (1), Peek's formula. Equation (2) was 
considered to be a sufficiently close approximation 
and for the actual dimensions used in the experi- 
mental work and for 145 kv applied to the plane 
the values of gradient at various distances from the 
sphere are shown in figure 25 for gap spacings of 10, 
20, 30, 40, and 50 cm. 

Washington, December 28, 1955. 




Figure 25. Curves of voltage gradient as computed from eq (2 s ) 
plotted against distance, x, from the surface of the sphere 
(see figure 2Jf) . 
F=145kv, D=86.4 cm, a=0.794 cm. 
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